We study a very specific type of neutrino mass and mixing structure based on the idea of Strong Scaling Ansatz (SSA) where the ratios of neutrino mass matrix elements belonging to two different columns are equal. There are three such possibilities, all of which are disfavored by the latest neutrino oscillation data. We focus on the specific scenario which predicts vanishing reactor mixing angle θ 13 and inverted hierarchy with vanishing lightest neutrino mass. Motivated by several recent attempts to explain non-zero θ 13 by incorporating corrections to a leading order neutrino mass or mixing matrix giving θ 13 = 0, here we study the origin of non-zero θ 13 as well as leptonic Dirac CP phase δ CP by incorporating two different corrections to scaling neutrino mass and mixing: one where type II seesaw acts as a correction to scaling neutrino mass matrix and the other with charged lepton correction to scaling neutrino mixing. Although scaling neutrino mass matrix originating from type I seesaw predicts inverted hierarchy, the total neutrino mass matrix after type II seesaw correction can give rise to either normal or inverted hierarchy. However, charged lepton corrections do not disturb the inverted hierarchy prediction of scaling neutrino mass matrix. We further discriminate between neutrino hierarchies, different choices of lightest neutrino mass and Dirac CP phase by calculating baryon asymmetry and comparing with the observations made by the Planck experiment.
I. INTRODUCTION
Origin of tiny neutrino masses and mixing is one of the most widely studied problems in modern day particle physics. Since the standard model (SM) of particle physics fails to provide an explanation to neutrino masses and mixing, several well motivated beyond standard model (BSM) frameworks have been proposed to account for the tiny neutrino mass observed by several neutrino oscillation experiments [1] . More recently, the neutrino oscillation experiments T2K [2] , Double ChooZ [3] , Daya-Bay [4] and RENO [5] have also confirmed the earlier results and also made the measurement of neutrino parameters more precise. The latest global fit values for 3σ range of neutrino oscillation parameters [6] are shown in table I. Another global fit study [7] reports the 3σ values as shown in table II. [7] Although the 3σ range for the Dirac CP phase δ CP is 0 − 2π, there are two possible best fit values of it found in the literature: 306 o (NH), 254 o (IH) [6] and 254 o (NH), 266 o (IH) [7] . It should be noted that the neutrino oscillation experiments only determine two mass squared differences and hence the lightest neutrino mass is still unknown. Cosmology experiments however puts an upper bound on the sum of absolute neutrino masses i |m i | < 0.23 eV [8] .
Parameters Normal Hierarchy (NH) Inverted Hierarchy (IH)
Within this bound, he lightest neutrino mass can either be zero or very tiny (compared to the other two) giving rise to a hierarchical pattern. Or, the lightest neutrino mass can be of same order as the other two neutrino masses giving rise to a quasi-degenerate type neutrino mass spectrum.
Apart from the issue of lightest neutrino mass and hence the nature of neutrino mass hierarchy, the CP violation in the leptonic sector is also not understood very well. Non-zero CP violation in the leptonic sector can be very significant from cosmology point of view as it could be the origin of matter-antimatter asymmetry in the Universe. The latest data available from Planck mission constrain the baryon asymmetry [8] as ( 1) Leptogenesis is one of the most promising dynamical mechanism of generating this observed baryon asymmetry in the Universe by generating an asymmetry in the leptonic sector first which later gets converted into baryon asymmetry through B + L violating electroweak sphaleron transitions [9] . As pointed out first by Fukugita and Yanagida [10] , the out of equilibrium CP violating decay of heavy Majorana neutrinos provides a natural way to create the required lepton asymmetry. The most notable feature of this mechanism is that it connects two of the most widely studied problems in particle physics: the origin of neutrino mass and the origin of baryon asymmetry. This idea has been explored within several interesting BSM frameworks [11] [12] [13] . Recently such a comparative study was done to understand the impact of mass hierarchies, Dirac and Majorana CP phases on the predictions for baryon asymmetry in [14] within the framework of left-right symmetric models.
Motivated by the quest for understanding the origin of neutrino masses and mixing and its relevance in cosmology, we recently studied several models [15] based on the idea of generating non-zero θ 13 , δ CP and matter-antimatter asymmetry by perturbing generic µ − τ symmetric neutrino mass matrix which can be explained dynamically within generic flavor symmetry models. In these works, type I seesaw [16] is assumed to give rise to the µ − τ symmetric neutrino mass matrix with θ 13 = 0 whereas type II seesaw [17] acts as a perturbation in order to generate the non-zero reactor mixing angle θ 13 and also the Dirac CP phase δ CP in some cases. In continuation of our earlier works on exploring the underlying structure of the neutrino mass matrix, in this work we consider a very specific neutrino mass matrix structure proposed few years back by the authors of [18] . The structure of the neutrino mass matrix is based on the idea of strong scaling Ansatz where certain ratios of the elements of neutrino mass matrix are equal. Out of three such possibilities (to be discussed in the next section), one of them predicts θ 13 = 0 and an inverted hierarchy with vanishing lightest neutrino mass. Such a scaling neutrino mass matrix can also find its origin in specific flavor symmetry models as discussed in [18] . Several phenomenological studies based on the idea of SSA have appeared in [19] . The predictions for neutrino sector similar to the scaling ansatz can also be found in models based on the abelian symmetry L e − L µ − L τ [20] .
Although inverted hierarchy as predicted by SSA can still be viable, vanishing reactor mixing angle is no longer acceptable after the discovery of non-zero θ 13 . Generation of nonzero θ 13 in models based on the idea of SSA have appeared recently in [21] . In this work we study two different possibilities of generating non-zero θ 13 as well as Dirac CP phase δ CP by incorporating corrections to either the neutrino mass matrix or the leptonic mixing matrix, also known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. In both the cases we assume the origin of scaling neutrino mass matrix in type I seesaw. The required deviation from scaling can either come from a different seesaw mechanism (say, type II seesaw) or from charged lepton (CL) correction. The crucial difference between the two different scenario is that in CL correction, the inverted hierarchy prediction of SSA remains intact whereas with the combination of two different seesaw mechanism both normal and inverted hierarchies can emerge out of the total neutrino mass matrix. We first numerically fit the scaling neutrino mass matrix (from type I seesaw) with neutrino data on two mass squared differences and two angles θ 12 , θ 23 (as θ 13 = 0). Then we derive the necessary perturbation to scaling neutrino mixing by comparing with the full neutrino oscillation data including non-zero θ 13 . We further constrain the perturbation by demanding successful production of baryon asymmetry through the mechanism of leptogenesis.
This paper is organized as follows. In section II, we briefly discuss the idea of scaling neutrino mass and mixing. In section III, we study the possible deviation from scaling with type II seesaw as well as charged lepton corrections. In section IV, we briefly outline the idea of leptogenesis and in section V we discuss our numerical analysis. We finally conclude in section VI.
II. STRONG SCALING ANSATZ
According to SSA, ratios of certain elements of the neutrino mass matrix are equal. The stability of such a structure is also guaranteed by the fact that it is not affected by the renormalization group evolution (RGE) equations. Therefore, the scaling which is present in the neutrino mass matrix at seesaw scale is also remains valid at the weak scale as we run the neutrino parameters from seesaw to weak scale under RGE. We denote the neutrino mass matrix and the leptonic mixing matrix U PMNS as
As noted by the authors of [18] , there are three different types of SSA which can be written
Using (2), we can write the neutrino mass matrix as
Similarly, for the other two cases (3), (4) one can write down the neutrino mass matrix as
and
One interesting property of the first scaling mass matrix (5) is that it has one of its eigenvalue m 3 zero (rank 2 matrix) and diagonalization of this matrix gives U e3 = 0. Thus, it gives rise to inverted hierarchy of neutrino mass with θ 13 = 0. Although such a scenario is now ruled out after the discovery of non-zero θ 13 , there still exists the possibility of generating non-zero θ 13 by adding perturbations to the scaling neutrino mass and mixing, given the fact that θ 13 is still small compared to the other two mixing angles. However, diagonalization of the second scaling matrix (6) gives U µ3 = 0 or U µ1 = 0 depending on the hierarchy of neutrino masses. Similarly, diagonalization of the third scaling matrix (7) gives U τ 3 = 0
or U τ 1 = 0. The predictions of both the scaling mass matrices obtained using (3) and (4) are not phenomenologically viable. Even if we assume the validity of these two scaling mass matrices at tree level, they will require large corrections in order to generate the correct mixing matrix. Leaving these to future studies, here we focus on the possibility of generating non-zero U e3 and hence non-zero θ 13 by incorporating different corrections to leading order scaling neutrino mass matrix given by (5). 
III. DEVIATIONS FROM SCALING
As discussed in the previous section, the neutrino mass matrices based on the idea of SSA do not give rise to the correct neutrino mixing pattern. Therefore, the scaling neutrino mass or mixing matrix has to be corrected in order to have agreement with neutrino oscillation data. Here we consider two different sources of such corrections to SSA which not only can give rise to correct neutrino mixing but also have different predictions for neutrino mass hierarchy, leptonic Dirac CP phase as well as baryon asymmetry.
A. Deviation from Scaling with Type II Seesaw
Type II seesaw mechanism is the extension of the standard model with a scalar field ∆ L which transforms like a triplet under SU(2) L and has U(1) Y charge twice that of lepton doublets. Such a choice of gauge structure allows an additional Yukawa term in the Lagrangian
The triplet can be represented as
The scalar Lagrangian of the standard model also gets modified after the inclusion of this triplet. Apart from the bilinear and quartic coupling terms of the triplet, there is one trilinear term as well involving the triplet and the standard model Higgs doublet. From the minimization of the scalar potential, the neutral component of the triplet is found to acquire 
where φ 0 = v is the neutral component of the electroweak Higgs doublet with vev approximately 10 2 GeV. The trilinear coupling term µ ∆H and the mass term of the triplet M ∆ can be taken to be of same order. Thus, M ∆ has to be as high as 10 14 GeV to give rise to tiny neutrino masses without any fine-tuning of the dimensionless couplings f ij . In the presence of both type I and type II seesaw the neutrino mass can be written as
where m II = f v L is the type II seesaw contribution and m
LR is the type I see saw term with m LR , M RR being Dirac and Majorana neutrino mass matrices respectively.
We assume the type I seesaw to give rise to scaling neutrino mass matrix. We then introduce the type II seesaw term as a correction to the scaling neutrino mass matrix and constrain the type II seesaw term from the requirement of generating correct value of θ 13 as well as if Dirac neutrino mass matrix m LR obeys scaling. As we discuss in section V, this property of scaling allows us to derive the type II seesaw correction as well as the Dirac neutrino mass matrix.
B. Deviation from Scaling with Charged Lepton Correction
The scaling neutrino mass matrix we discuss here, given by equation (5) predicts m 3 = 0 and θ 13 = 0. In the previous subsection, type II seesaw correction to scaling neutrino mass was discussed which not only can result in non-zero θ 13 but also can give rise to non-zero m 3 .
Since, an inverted hierarchical neutrino mass pattern with m 3 = 0 is still allowed by neutrino oscillation data, one can generate non-zero θ 13 by incorporating corrections to the leptonic mixing matrix only without affecting the scaling neutrino mass matrix. The PMNS leptonic mixing matrix is related to the diagonalizing matrices of neutrino and charged lepton mass 
The PMNS mixing matrix can be parametrized as 
where c ij = cos θ ij , s ij = sin θ ij and δ is the Dirac CP phase. If U ν originates from scaling neutrino mass matrix given by type I seesaw, then for diagonal charged lepton mass matrix, both the reactor mixing angle θ 13 and the leptonic Dirac CP phase δ vanish. However, a non-trivial charged lepton mixing matrix U l can result in correct leptonic mixing matrix U PMNS even if U ν predicts θ 13 = 0. As discussed in the section on numerical analysis V, we constrain the charged lepton mass matrix by demanding the generation of correct θ 13 required by neutrino oscillation data and also the correct value of δ CP in order to produce correct baryon asymmetry. As mentioned earlier, leptogenesis is the mechanism where a non-zero lepton asymmetry is generated by out of equilibrium, CP violating decay of a heavy particle which later gets converted into baryon asymmetry through electroweak sphaleron transitions. In a model with both type I and type II seesaw mechanisms at work, such lepton asymmetry can be generated either by the decay of the right handed neutrinos or the heavy scalar triplet.
For simplicity, here we consider only the right handed neutrino decay as the source of lepton asymmetry. One can justify this assumption in those models where type I seesaw is dominating and type II seesaw is sub-leading giving rise to a Higgs triplet heavier than the lightest right handed neutrino. The lepton asymmetry from the decay of right handed neutrino into leptons and Higgs scalar in a model with only type I seesaw is given by
In a hierarchical pattern of heavy right handed neutrinos, it is sufficient to consider the decay of the lightest right handed neutrino N 1 . Following the notations of [12] , the lepton 
where v = 174 GeV is the vev of the Higgs doublet responsible for breaking the electroweak symmetry,
The second term in the expression for ǫ α 1 above vanishes when summed over all the flavors α = e, µ, τ . The sum over all flavors can be written as 
From the lepton asymmetry ǫ 1 given by the expression above, the corresponding baryon asymmetry can be obtained by
through sphaleron processes [9] at electroweak phase transition. Here the factor c is measure of the fraction of lepton asymmetry being converted into baryon asymmetry and is approximately equal to −0.55. On the other hand, κ is the dilution factor due to wash-out process which erase the asymmetry generated and can be parametrized as [22] 
where K is given as We note that the lepton asymmetry shown in equation (14) is obtained by summing over all the flavors α = e, µ, τ . A non-vanishing lepton asymmetry is generated only when the right handed neutrino decay is out of equilibrium. Otherwise both the forward and the backward processes will happen at the same rate resulting in a vanishing asymmetry.
Departure from equilibrium can be estimated by comparing the interaction rate with the expansion rate of the Universe. At very high temperatures (T ≥ 10 12 GeV) all charged lepton flavors are out of equilibrium and hence all of them behave similarly resulting in the one flavor regime. However at temperatures T < 10 12 GeV (T < 10 9 GeV), interactions involving tau (muon) Yukawa couplings enter equilibrium and flavor effects become important [23] .
Taking these flavor effects into account, the final baryon asymmetry is given by In the presence of an additional scalar triplet, the right handed neutrino can also decay 
We use these expressions to calculate the baryon asymmetry in our numerical analysis section 
V. NUMERICAL ANALYSIS
We first diagonalize the scaling neutrino mass matrix (5) and find its eigenvalues
We numerically evaluate the four parameters A, B, D, S by equating m 1 , m 2 to two neutrino mass squared differences ∆m and two non-zero mixing angles to θ 12 , θ 23 . Now, in the case of type II seesaw correction to scaling neutrino mixing, we assume the charged leptons mass matrix to be diagonal so that U PMNS = U ν . Therefore, we can write (9) as can be chosen by hand, such a framework is difficult to constrain due to too many number of free parameters. However, in a specific class of models called left right symmetric models (LRSM) [25] , the type II seesaw term is directly proportional to M RR thereby decreasing the number of free parameters compared to the minimal extension. Another reason for choosing the framework of LRSM is that here we can find the right handed Majorana mass matrix M RR from the type II seesaw perturbation. However, for a given Dirac neutrino mass matrix m LR , one can not find M RR from the type I seesaw formula alone as the inverse of type I seesaw mass matrix does not exist due to its scaling property (m 3 = 0). In LRSM we can write equation (18) as
where γ is a dimensionless parameter, M W is the W boson mass and v R is the scale of left right symmetry breaking. Since m I has been numerically evaluated as the leading order scaling neutrino mass matrix, type II contribution can now be evaluated as a function of leptonic Dirac CP phase δ CP and the lightest neutrino mass m 1 (NH), m 3 (IH), the two unknowns on the left hand side of the above equation. It should be noted that, we have omitted the Majorana phases in this discussion. After determining the type II seesaw term and hence M RR , we use it in the type I seesaw term to find out the Dirac neutrino mass matrix m LR . Here we use the already mentioned special property of scaling neutrino mass matrix originating from type I seesaw: if Dirac neutrino mass matrix m LR obeys scaling, then m I obeys scaling irrespective of the structure of M RR . Therefore, we use the scaling show their compact numerical form. To calculate the baryon asymmetry, however, we vary δ CP continuously and show the variation of Baryon asymmetry in figure 1 , 2, 3, 4, 5 and 6 . It should be noted that the type II seesaw corrections to scaling have been considered within the framework of LRSM where SU(2) R gauge interactions can give rise to sizeable wash-out effects erasing the asymmetry produced. As noted in [26] , such wash-out effects can be neglected by choosing a high value of v R such that M 1 /v R < 10 −2 is satisfied. In the second mechanism we adopt to give correction to the scaling neutrino mixing, we do not add corrections to the neutrino mass matrix originating from type I seesaw, but incorporate corrections to the neutrino mixing matrix originating from charged lepton mixing.
Diagonalizing the scaling neutrino mass matrix from type I seesaw matrix gives U ν which is related to the leptonic mixing matrix U PMNS through the charged lepton diagonalizing matrix U l . We first numerically evaluate U ν by using the best fit values of neutrino mass squared differences and two mixing angles θ 12 , θ 23 . We also substitute the best fit values of neutrino mixing angles in PMNS mixing matrix (11) and then compute the charged lepton diagonalizing matrix as
We keep the Dirac CP phase δ CP as free parameter so that U l is a function of it. The numerical form of U l for δ CP = π/2 is shown in table XVII. Assuming the same diagonalizing matrix of charged leptons and Dirac neutrino mass matrix (a generic case in grand unified theories operating at high scale), we can write down the modified Dirac neutrino mass matrix 
VI. RESULTS AND CONCLUSION
We have studied a specific type of neutrino mass matrix based on the idea of strong scaling ansatz where the ratio of neutrino mass matrix elements belonging to two different columns are equal. Out of three such possibilities, we focus on a particular scaling neutrino mass matrix which predicts zero values of reactor mixing angle θ 13 . This choice was motivated by several recent works where the leading order neutrino mass matrix obeying certain symmetries predict θ 13 = 0 and suitable corrections to the neutrino mass matrix or leptonic mixing matrix give rise to small but non-zero values of θ 13 . In this work, we have assumed type I seesaw to give rise to scaling neutrino mass matrix which (in the diagonal charged lepton basis) gives θ 13 = 0 and inverted hiearchical mass pattern with m 3 = 0. Then we consider two different possible corrections to scaling: one with type II seesaw which gives rise to deviations from both θ 13 = 0 and m 3 = 0, the other with charged lepton correction which gives non-zero θ 13 while keeping m 3 = 0. We also assume both the corrections to give rise to non-trivial Dirac CP phase δ CP as well. In both the cases, we first numerically evaluate the type I seesaw scaling neutrino mass matrix by using the best fit values of neutrino mass squared differences and two mixing angles: solar and atmospheric. We then calculate the necessary corrections to scaling neutrino mass and mixing by keeping the Dirac CP phase as free parameter. We further constrain the Dirac CP phase by calculating the baryon asymmetry through the mechanism of leptogenesis and comparing with the observed Baryon asymmetry. The important results we have obtained in the case of type II seesaw correction to scaling can be summarized as:
• Type II seesaw correction to scaling neutrino mass matrix with θ 13 = 0, m 3 = 0 can result in both normal as well as inverted hierarchy with non-zero θ 13 as well as nontrivial Dirac CP phase δ CP .
• For inverted hierarchy with a = b that is m LR (11) = m LR (12) , correct values of baryon asymmetry is obtained through the mechanism of leptogenesis only when the lightest neutrino mass m 3 is of same order as the heavier ones m 1 , m 2 .
• For inverted hierarchy with b = d that is m LR (12) = m LR (22) , both large and mild hierarchy among neutrino masses give rise to correct baryon asymmetry through leptogenesis.
• For normal hierarchy with m LR (11) = m LR (12) , both large and mild hierarchy among neutrino masses can give rise to correct baryon asymmetry in the one flavor regime.
In the two flavor regime however, the lightest neutrino mass m 3 should be of same order as m 2 , m 3 to give correct baryon asymmetry.
• For normal hierarchy with m LR (12) = m LR (22) , the lightest neutrino mass m 3 should be of same order as m 2 , m 3 to give correct baryon asymmetry in both one and two flavor regimes.
• Observed baryon asymmetry can not be generated in the three flavor regime of leptogenesis in this framework.
Similarly, the important results in the case of charged lepton correction to scaling are:
• Charged lepton correction to scaling neutrino mixing predicts only inverted hierarchy with m 3 = 0, but gives rise to correct values of θ 13 and non-trivial δ CP .
• Correct baryon asymmetry can be obtained through leptogenesis for one, two and three flavor regimes if δ CP is restricted to certain range of values.
Since the Dirac CP phase is restricted in all these cases discussed, from the demand of producing the correct baryon asymmetry, future determination of δ CP should be able to shed some light on these scenarios. Future experiments may however, measure a different value of δ CP than the ones which give correct baryon asymmetry through the mechanism of leptogenesis in the models we have studied here. This will by no means rule out the neutrino mass models based on strong scaling ansatz we discuss, but will only hint at a different source of baryon asymmetry than the one discussed in our work. Similarly, determination of neutrino mass hierarchy in neutrino oscillation experiments will further constrain the models and only charged lepton correction to scaling may not be sufficient to reproduce the correct neutrino data if inverted hierarchy gets disfavored by experiments. From theoretical point of view, such scaling neutrino mass matrix can find a dynamical origin within discrete flavor symmetry models as pointed out by [18] . Since scaling is not affected by renormalization group running, additional physics are required in order to produce correct low energy neutrino oscillation data. Undisturbed by such running effects, scaling can be valid all the way from grand unified theory scale down to the TeV scale, where new physics affects like Higgs triplet in type II seesaw can give rise to the necessary correction to scaling neutrino mass matrix. Although we have studied only one particular type of scaling neutrino mass matrix giving θ 13 = 0, m 3 = 0, the other two possibile scaling mass matrices could also give rise to correct neutrino phenomenology if suitable corrections are incorporated, which is left for our future studies.
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